Neuroendocrine carcinomas (NECs) of the colorectum are rare but highly aggressive neoplasms. These tumors show some shared genetic alterations with colorectal adenocarcinomas, and most of them have adjacent glandular adenoma or adenocarcinoma components. However, genetic data on colorectal NECs still are sparse and insufficient for definite conclusions regarding their molecular origin. Based on morphological characterization, panel and whole-exome sequencing, we here present results from an in-depth analysis of a collection of 15 colorectal NECs with glandular components, 10 of which by definition were mixed adenoneuroendocrine carcinomas (MANECs). Among shared genetic alterations of both tumor components, we most frequently found TP53, KRAS and APC mutations that also had highest allele frequencies. Mutations exclusive to glandular or neuroendocrine components outnumbered shared mutations but occurred at lower allele frequencies. Our findings not only provide additional evidence for a common clonal origin of colorectal NECs and adjacent glandular tumor components, but strongly suggest their development through the classical adenoma-carcinoma sequence. Moreover, our data imply early separation of glandular and neuroendocrine components during malignant transformation with subsequent independent mutational evolution.
Neuroendocrine carcinomas (NECs) of the colorectum are rare but highly aggressive neoplasms. These tumors show some shared genetic alterations with colorectal adenocarcinomas, and most of them have adjacent glandular adenoma or adenocarcinoma components. However, genetic data on colorectal NECs still are sparse and insufficient for definite conclusions regarding their molecular origin. Based on morphological characterization, panel and whole-exome sequencing, we here present results from an in-depth analysis of a collection of 15 colorectal NECs with glandular components, 10 of which by definition were mixed adenoneuroendocrine carcinomas (MANECs). Among shared genetic alterations of both tumor components, we most frequently found TP53, KRAS and APC mutations that also had highest allele frequencies. Mutations exclusive to glandular or neuroendocrine components outnumbered shared mutations but occurred at lower allele frequencies. Our findings not only provide additional evidence for a common clonal origin of colorectal NECs and adjacent glandular tumor components, but strongly suggest their development through the classical adenoma-carcinoma sequence. Moreover, our data imply early separation of glandular and neuroendocrine components during malignant transformation with subsequent independent mutational evolution. Neuroendocrine carcinomas (NECs) are biologically aggressive cancers with poor prognosis. In the colorectum, they are observed at low frequencies of 0.1-0.6%. 1, 2 NECs are defined by the expression of markers indicative of neuroendocrine differentiation, such as synaptophysin, chromogranin A and CD56, and show high proliferation rates that distinguish them from less aggressive neuroendocrine tumors (NETs). Based on tumor cell size and histologic appearance, small and large cell NECs can be distinguished from one another. 3 Interestingly, NECs and NETs of the colorectum appear biologically unrelated. The genetic background of colorectal NECs includes loss of heterozygosity of APC, TP53 and DCC genes as well as mutations in TP53, KRAS and BRAF genes, found in typical adenocarcinomas at this site. [4] [5] [6] [7] [8] In addition, 61% of large cell NECs and 26% of small cell NECs of the colorectum are accompanied by adjacent glandular adenoma or adenocarcinoma components, and these tumors are defined as mixed adenoneuroendocrine carcinomas (MANECs) by the WHO, if adenocarcinoma and NEC components both exceed 30% of the neoplasm. 3, 9 In contrast, the less aggressive NETs usually lack such glandular components and show genetic alterations, which are distinct from those in NECs. 7, 8, 10 Therefore, the molecular carcinogenesis of colorectal NECs appears to be closer related to typical colorectal adenocarcinomas than to NETs.
Colorectal NECs with adjacent glandular tumor components may provide an ideal model to study their genetic basis. Few previous studies on MANECs have identified overlapping genetic characteristics of glandular and neuroendocrine components and therefore suggested a common clonal origin. 8, [11] [12] [13] In addition, analyses of allelic imbalances in a few MANECs even suggested clonal evolution of NECs from adenocarcinomas. 14 However, the methodologies applied and the small number of cases were insufficient for definite conclusions regarding the molecular origin of these tumors.
Here, we present results from an in-depth phenotypic and genetic analysis of a collection of 15 colorectal NECs with adjacent glandular components. Based on next-generation panel and wholeexome sequencing, our data demonstrate that such NECs not only share genetic alterations with their glandular components but also show typical genetic founder mutations of the classical colorectal adenoma-carcinoma sequence. They originate from this sequence by clonal evolution and early glandular and neuroendocrine component separation.
Materials and methods

Tumor Specimens, Histology and Immunohistochemistry
Archival tissue of 15 formalin-fixed and paraffinembedded cases of colorectal NECs with glandular components were retrieved from the Institutes of Pathology in Munich, Bayreuth, Karlsruhe, Augsburg and Vancouver (BC, Canada). The tumors were biopsied or resected between 2007 and 2013. All cases were re-evaluated based on the 2010 WHO classification and histologically fulfilled the diagnostic criteria of NECs or MANECs. 3 Case characteristics are given in Table 1 . Samples were anonymized and the study was approved by the local ethics committees. For histologic preparation, 5 μm sections were deparaffinized and stained with hematoxylin and eosin (H&E). For immunohistochemistry, sections were incubated with prediluted rabbit anti-CD56 (MRQ42), rabbit anti-synaptophysin (MRQ-40), mouse anti-chromogranin A (LK2H10), mouse anti-neuron-specific enolase (NSE; MRQ-55, Ventana Medical Systems) or mouse anti-Ki67 antibody (MIB-1, 1:150, Dako). Staining was done on a Ventana Benchmark XT autostainer and developed with ultraView Universal DAB detection kits (Ventana Medical Systems).
Tumor Cell Quantification and DNA Extraction
We used sections stained for H&E, CD56, synaptophysin and chromogranin A to delineate pure glandular and NEC components. Tumor cellularity was then determined by counting tumor and nontumor cells in these areas microscopically. These sections then were used as blueprints to separately isolate adenocarcinoma and/or adenoma and NEC components under microscopic control from deparaffinized serial sections with sterile scalpel blades. Tumor DNA then was extracted with QIAamp DNA Micro Kits and GeneRead DNA FFPE Kits (Qiagen) for subsequent analyses of KRAS gene mutations, panel and exome sequencing, respectively. 
Pyrosequencing
The mutational status of KRAS exon 2 was analyzed by pyrosequencing on a PyroMark Q24 Advanced instrument (Qiagen) with primers 5′-NNNGG CCTGCTGAAAATGACTGAA-3′ and biotin-5′-TTA GCTGTATCGTCAAGGCACTCT-3′ for amplification, and 5′-TGTGGTAGTTGGAGCT-3′ for sequencing, as previously described. 15 
Panel Sequencing
For next-generation panel sequencing, we used the Ion AmpliSeq Cancer Hotspot Panel v2, covering the mutational status of 50 oncogenes and tumorsuppressor genes (Life Technologies), according to the manufacturer's protocol. In brief, we amplified a total of 1-10 ng of Qubit quantified DNA with primer pools by PCR, and constructed libraries with Ion AmpliSeq Library Kits and Ion Xpress Barcode Adapters (Thermo Fisher). After emulsion PCR and bead purification, multiplexed libraries then were loaded onto 318 chips, and sequenced on an Ion Personal Genome Machine (all Thermo Fisher). For data analysis, sequence reads were mapped to human reference genome hg19 and filtered for nonsynonymous variants using Ion reporter software v5.0 (Thermo fisher). Annotations, information on pathogenesis and allele frequencies were retrieved from Ensembl VEP (www.ensembl.org/Homo_ sapiens/Tools/VEP).
Whole-Exome Sequencing
For exome sequencing, we fragmented 1-3 μg of genomic DNA, extracted from normal mucosa, glandular and neuroendocrine components of three cases, to an average size of 150 bp with a Bioruptor sonicator (Diagenode). Paired-end sequencing libraries then were prepared using a DNA sample prep reagent set 1 (NEBNext). Library preparation included end repair, adapter ligation and PCR enrichment, and was carried out as recommended by Illumina protocols. Protein-coding sequences were captured using SureSelect Human All Exon 50 Mb kits version 3 (Agilent) according to the manufacturer's instructions. Paired-end sequencing on a Genome Analyzer IIx platform (Illumina) resulted in 2x76-bp sequence reads. Base calling was done by the Illumina pipeline with default settings. Copy number aberrations were detected in exome data sets as described previously. 16 Using Biomedical Genomics Workbench v2.5.4 (Qiagen), tumor sequencing reads of glandular and NEC components then were mapped to each other and to reads of normal colonic mucosa. Reads then were filtered for the Homo sapiens Ensembl v74 mRNA target region with a minimum coverage of 30x. Nonsynonymous variants, germline variants, variants outside the target region and variants annotated as SNPs in the 1000 genomes database were removed. Finally, variants with allele frequencies ≥ 10% and a coverage ≥ 20x were filtered for those annotated in COSMIC (cancer.sanger.ac.uk/cosmic).
Results
Clinical and Pathologic Characteristics of Colorectal NECs with Glandular Components
We initially characterized our collection of 15 colorectal NECs with glandular components, 10 of which fulfilled the diagnostic criteria of MANECs, 3 on the clinical and morphological level ( Table 1) . Two-thirds of the patients were males and one-third females. The average age at diagnosis was 70 years (range 52-91 years) and thus similar to the average age of patients diagnosed with colorectal adenocarcinomas. 17 Tumors were distributed throughout the colon with 53% in the right hemicolon and 47% in the left hemicolon or rectum. Glandular exocrine tumor components were typical tubulovillous colorectal adenomas with low-grade dysplasia (5 cases, 33%; Figure 1 , left panels), classical low-grade colorectal adenocarcinomas (8 cases, 53%; Figure 1 , right panels), two of which were partially mucinous, or high-grade colorectal adenocarcinomas (2 cases, 13%), one of which was mucinous. Of note, three adenocarcinomas had additional adjacent adenoma components, one of which was tubulovillous and two of which were traditional serrated adenomas (Table 1 , Supplementary Figure 1) . In all cases, these glandular tumors abruptly transitioned into high-grade NECs that either had a small cell (27%) or large cell (73%) phenotype ( Figure 1) . Here, the most frequent growth pattern was trabecular (60%), and we also commonly observed rosette formations (33%). In NEC components, neuroendocrine differentiation was confirmed by analyzing chromogranin A, CD56 antigen and synaptophysin that were expressed in 87%, 60% and 80%, respectively (Figure 2a ). In case 6, where only CD56 expression was noted, neuroendocrine differentiation was further confirmed by strong positivity for NSE (data not shown). We then analyzed the proliferation rate and found an average Ki67-index of 71.4% in the NEC components, which significantly exceeded that of 49.0% in the glandular components (Po0.01 by t-test, Figure 2b ). Differences in proliferation rate between small and large cell NECs were not significant (data not shown). In summary, these cases were tumors of elderly patients and comprised a spectrum of adenomas and low-or high-grade colorectal adenocarcinomas with abrupt transition to highly proliferative small or large cell NECs.
Identical KRAS Mutations Suggest a Clonal Origin of Glandular and NEC Components
To obtain initial insights on whether NECs and glandular tumor components were clonally related, we segregated them during microdissection and analyzed them for KRAS gene mutations. Nine cases (60%) had mutations in codons 12 or 13 of KRAS exon 2, most frequently G13D (20%). The remaining six cases (40%) were wild-type for KRAS (Figure 2c) . Importantly, for all cases, the KRAS mutational status was identical in glandular and neuroendocrine components (P o 10 − 14 by kappa statistics). Based on KRAS mutational status alone, these findings strongly suggested a common clonal origin of small or large cell NECs and adjacent glandular components in the colorectum.
Panel Sequencing Confirms Clonal Origin and Reveals Typical Mutations in Colorectal NECs with Glandular Components
For further insights into the mutational spectrum, we subjected both glandular and neuroendocrine components of 10 cases to next-generation sequencing.
At an average coverage of 2760x, we detected a total of 130 mutations, 55 and 75 of which were in glandular and neuroendocrine components, respectively (Supplementary Table 1 ). Examining overall mutation frequencies, 32.6% of mutations were shared among glandular and NEC components, whereas 40.7% occurred exclusively in neuroendocrine components, and 26.7% occurred only in the glandular components. Mutations were most frequently found in TP53, KRAS and APC genes, with 62% of these mutations shared between both components (Figures 3a and b) , irrespective of the morphology of the neuroendocrine component. In frequency, these were followed by PIK3CA mutations, which occurred more often in the glandular components, and by RB1 and MET mutations, both slightly more common in neuroendocrine components, although these differences were not significant (Figure 3b ). Of note, when we separately analyzed adenomas that were-as a third tumor component-adjacent to adenocarcinomas in three cases, we found that TP53, APC and KRAS mutations were shared among adenoma and adenocarcinoma components (data not shown). Although these findings strongly substantiated clonal origins of NECs and glandular components, they also demonstrated independent additional mutational evolution of both components after clonal separation. Next, to identify mutations that potentially were acquired early in malignant transformation, and thus define possible founding clones of NECs, we analyzed mutant allele frequencies. By tumor cell quantification, we determined a mean tumor cellularity of 82.2% (Supplementary Table 1 ). Mutations in founding clones would thus be expected at frequencies of 41.1% (± 2 s.d.), whereas higher allele frequencies may in addition indicate loss of heterozygosity. 18, 19 Within these criteria, mostly mutations in TP53, KRAS and APC, as well as individual mutations in RB1, MET, BRAF, ERBB4 and PTPN11 qualified as potential founding clone mutations (Figure 3c ). On the contrary, mutations in other genes, including PIK3CA, had lower allele frequencies and thus were assumed to be subclonal. Interestingly, shared mutations not only occurred at overall higher allele frequencies but also more frequently qualified as potential founding clone mutations when compared with mutations that were exclusive to either the glandular or neuroendocrine components (P o 0.001 by chi-square test, Figure 3d ). Of note, similar results were obtained, when cases with small and large cell NEC morphology were analyzed separately (Supplementary Figure 2) . Although these data provided further evidence for a common clonal progenitor of both the glandular and neuroendocrine components with early separation and subsequent independent subclonal evolution, they also suggested presence of typical key mutations of colorectal adenocarcinomas in founding clones of NECs. 
Exome Sequencing Reveals Distinct Degrees of Mutational and Chromosomal Overlap in NECs and Glandular Components
To more broadly define similarities and differences of glandular and neuroendocrine components, we subjected three cases to whole-exome sequencing. With 83.5% of the target region covered by at least 20 reads, we were able to detect an average of 113 mutations per tumor component with a minimum coverage of 20x (Supplementary Table 2 ). These mutations included 44% of those found by panel sequencing. Importantly, on a broad level, exome sequencing confirmed the presence of shared mutations (n = 56, 9.0%) in all three cases but also revealed that most mutations were either exclusive to glandular (n = 277, 44.4%) or neuroendocrine (n = 291, 46.6%) components (Figure 4a ). Similar to our findings from panel sequencing, shared mutations had significantly higher allele frequencies than mutations that were exclusive to glandular or neuroendocrine components (Figure 4b ). We then analyzed somatic copy number aberrations based on exome data sets, and discovered that, despite shared mutations, case 6 exhibited completely different copy number aberrations in glandular and neuroendocrine components (r = −0.13, Pearson correlation), whereas case 7 (r = 0.61) and case 9 (r = 0.88) showed similar aberrations (Figure 4c) . Interestingly, when looking at mutations of these cases (Figure 3a) , distinct chromosomal copy number aberrations coincided with distinct TP53 mutations in case 6, suggesting that chromosomal instability through loss of p53 function occurred after glandular and neuroendocrine component separation. On the contrary, similar chromosomal copy number aberrations coincided with shared TP53 mutations in both components of cases 7 and 9, suggesting a common clonal progenitor with stabilized chromosomal aberrations before component separation. Collectively, these data implied early clonal divergence and independent evolution of colorectal NECs and glandular components from a common clonal origin. However, distinct chromosomal alterations in these tumor components may still be observed.
Discussion
Here, we report our findings on a relatively large collection of colorectal NECs with glandular components, including cases that qualify for the definition of colorectal MANECs. 3 We demonstrate that the glandular components of these tumors are typical colorectal adenomas or adenocarcinomas that abruptly transition into highly proliferative NECs, mimicking collision tumors, as previously described. 20 Despite the tumor collision hypothesis, several previous studies on similar individual cases or case series had reported shared genetic alterations-such as loss of heterozygosity or mutations-and therefore suggested a common clonal origin of both glandular and neuroendocrine components in these tumors. 8, [11] [12] [13] Our findings of identical KRAS mutation status, as well as several additional shared mutations that we identified by panel and exome sequencing in both components further support this idea, and indicate development of these tumors from a common clonal progenitor lesion or founding clone at high confidence levels.
However, we also demonstrate that both components had acquired exclusive mutations that even outnumbered shared mutations in our whole-exome sequencing data. This sheds additional light on the development of these tumors, as it implied that separation of NECs and their glandular components from a common progenitor clone occurred early during tumor development. Additional exclusive mutations then were acquired independently by both components. This idea of early separation is further supported by our finding that exclusive mutations showed lower allele frequencies and thus were mostly subclonal, when compared with shared mutations of putative common progenitor or founding clones. In this context, exome sequencing also revealed that distinct chromosomal aberrations may be observed in cases with distinct TP53 mutations, despite an otherwise common mutational genetic basis of both tumor components. Therefore, distinct allelic imbalances of glandular and neuroendocrine components, as reported for few MANECs, do not necessarily imply a distinct clonal origin. 21 Among genes most frequently mutated in colorectal small and large cell NECs with glandular components, we identified TP53, KRAS and APC. These three genes are also most frequently mutated in typical colorectal adenocarcinomas and deregulate p53, MAPK and WNT signaling pathways. 22 Notably, in NECs and glandular components these mutations often had allele frequencies that implicated their role in early tumor founding clones or their presence in precursor lesions. Moreover, as the glandular tumor components of NECs were morphologically identical to common colorectal adenomas or adenocarcinomas, we propose that NECs evolve from colonic mucosa through the same or a similar malignant transformation process that is well defined as the classical adenoma-carcinoma sequence of the colorectum; 23 with additional subsequent transdifferentiation into a neuroendocrine cancer phenotype. This hypothesis may apply to most if not all colorectal NECs, as most of these tumors were shown to have at least small neighboring glandular tumor components as putative precursor lesions. 9 As the genetic basis of colorectal NECs is therefore completely distinct from that reported for NETs or carcinoids, 8, 10 our findings have important implications for tumor classification. If NECs of the colorectum derive from glandular precursors through an adenoma-carcinoma sequence and not from well-differentiated NETs or carcinoids, the current concept of grouping NECs and NETs together in tumor classifications defies their biological basis. 3 With increasing understanding of the molecular biology of these tumors, a distinct classification may better support accurate characterization and clinical management of these neoplasms in the future. However, as small and large cell NECs showed no obvious genetic differences in our data, the biological basis for these distinct phenotypes remains to be determined.
Colorectal NECs are phenotypically similar to small and large cell neuroendocrine cancers of the lung. In small cell lung cancer, bi-allelic inactivation of TP53 and RB1 is generally found. 24 In this genetic background, mutational inactivation of NOTCH family genes has been suggested to cause neuroendocrine differentiation. 25 In our collection of NECs with glandular components, we observed RB1 mutations at high allele frequencies in one case only, whereas a few other cases had lower allele frequencies, indicating mostly subclonal RB1 mutations. In line with this observation, a previous report identified the combination of TP53 and RB1 mutations in only one of six gastrointestinal MANECs. 12 Moreover, all of the few NOTCH1 gene mutations that we detected were present at low allelic frequencies and therefore also most likely subclonal. Although this implied that in a few colorectal or gastrointestinal NECs neuroendocrine differentiation coincided with TP53 and RB1 mutations, this was uncommon, and suggested a genetic basis distinct from that of small cell lung cancer. Key mutations and molecular drivers of neuroendocrine differentiation in colorectal NECs therefore still remain elusive.
Collectively, we provide additional evidence for a common clonal origin of colorectal NECs and adjacent glandular tumor components. We reveal a mutational spectrum in colorectal NECs that strongly suggests development through the classical adenoma-carcinoma sequence, and demonstrate a genetic basis distinct from colorectal NETs and neuroendocrine lung cancers. Moreover, our data suggest early separation of glandular and neuroendocrine components during malignant transformation of these tumors with subsequent independent mutational evolution.
